Ectromelia virus (ECTV), a natural mouse pathogen and the causative agent of mousepox, is closely related to variola virus (VARV), which causes smallpox in humans. Mousepox is an excellent surrogate small-animal model for smallpox. Both ECTV and VARV encode a multitude of host response modifiers that target components of the immune system and that are thought to contribute to the high mortality rates associated with infection. Like VARV, ECTV encodes a protein homologous to the ectodomain of the host gamma interferon (IFN-␥) receptor 1. We generated an IFN-␥ binding protein (IFN-␥bp) deletion mutant of ECTV to study the role of viral IFN-␥bp (vIFN-␥bp) in host-virus interaction and also to elucidate the contribution of this molecule to the outcome of infection. Our data show that the absence of vIFN-␥bp does not affect virus replication per se but does have a profound effect on virus replication and pathogenesis in mice. BALB/c mice, which are normally susceptible to infection with ECTV, were able to control replication of the mutant virus and survive infection. Absence of vIFN-␥bp from ECTV allowed the generation of an effective host immune response that was otherwise diminished by this viral protein.
The eradication of variola virus (VARV), the causative agent of smallpox, almost 30 years ago marked the most successful vaccination campaign against an infectious agent (19). However, VARV continues to be a threat as a potential agent of bioterrorism (21) . As remarkable as its eradication was, little is known about the molecular factors associated with its high case-fatality rates or what contributes to an effective immune response to infection. VARV is strictly a pathogen of humans and has no natural animal reservoir (5) . Therefore, much of our understanding of poxvirus infections comes from animal models using closely related poxviruses. VARV is a member of the genus Orthopoxvirus and is closely related to other members, such as ectromelia virus (ECTV), which causes a disease similar to smallpox, termed mousepox, in mice (13, 18) .
ECTV is a natural pathogen of mice, and inbred strains of laboratory mice have been found to exhibit differential degrees of resistance to mousepox. Some inbred strains of mice, including C57BL/6, AKR, and certain 129 strains, have been classified as resistant to the lethal effects of ECTV infection, while A/J and BALB/c mice are susceptible (7, 47) . Other strains, for example, CBA/H, have an intermediate phenotype (3) . Mechanisms necessary for the recovery of resistant mice from primary ECTV infection include interferons (alpha/beta interferon [IFN-␣/␤] and IFN-␥), natural killer (NK) cells, activated mononuclear phagocytes, inducible nitric oxide production, and virus-specific cytotoxic-T-lymphocyte (CTL) and antibody responses (6, 7, 12, 17, 24-26, 34, 35) .
In the face of a hostile host immune response, poxviruses have evolved genes whose products directly interfere with various components of the host immune system to allow their successful replication and propagation (37) . Both VARV and ECTV also encode viral IFN-␥ binding protein (vIFN-␥bp) with amino acid sequence similarity to the extracellular binding domain of IFN-␥ receptor 1 and target host IFN-␥ (31, 38, 40) . The ECTV IFN-␥bp, which maps to open reading frame (ORF) 158 of the ECTV genome (9) , is an orthologue of the B8R gene in VARV and vaccinia virus (VACV) (28) .
ECTV IFN-␥bp is a 266-amino-acid glycoprotein that exists both within the infected cell and as a secreted molecule (1, 8, 9, 33) . It binds with very high affinity to murine and human IFN-␥ and prevents ligation of the cytokine with specific cell surface receptors (31, 40) . Studies to investigate the biological roles of other poxvirus IFN-␥bps have yielded conflicting results (41, 43, 46) . In two separate studies, deletion of the VACV B8R gene was found to result in loss of virus virulence in a mouse (46) and a rabbit (41) model. On the other hand, a third study found that loss of the VACV B8R gene did not affect virulence (43) . Since the natural host of VACV is unknown and the vIFN-␥bp orthologue binds with high affinity to rabbit, but not mouse, IFN-␥ (31), the discrepancies between the above-mentioned studies may reflect the incompatibilities between the virus and host systems employed. Therefore, to better understand the function of this host immune response modifier, a combination of a host with its natural pathogen is necessary. A good model for this is ECTV, which, like VARV, has a very restricted host range and causes systemic infection and disease and where virus and host are thought to have coevolved (5, 13, 18) . Most importantly, the vIFN-␥bp encoded by ECTV is known to bind mouse IFN-␥ with high affinity (31) . Further, unlike other animal models, the effect of this viral protein on the host immune response can be extensively studied in mice.
In order to study the role of vIFN-␥bp in host-virus interactions, we generated an IFN-␥bp deletion mutant of ECTV. We showed previously that recovery of mice from mousepox is strictly dependent on host IFN-␥ (7, 25, 34) . Here, we show that although vIFN-␥bp is not required for ECTV replication in vitro, it profoundly influences virulence in the host. Absence of vIFN-␥bp from ECTV resulted in lower virus loads in infected animals and allowed otherwise normally susceptible mouse strains to survive infection. This was concomitant with augmented IFN-␥ production and elevated NK cell, CTL, and antibody responses. Thus, a single virus-encoded protein strongly influenced both innate and adaptive immune responses and the outcome of infection.
MATERIALS AND METHODS
Mice. Inbred specific-pathogen-free female mice were used at 6 to 8 weeks of age. A/J, BALB/c, CBA/H, C57BL/6, IFN-␥ gene knockout (C57BL/6.IFN-␥ Ϫ/Ϫ ) (11), and Rag-1 knockout (C57BL/6.Rag-1 Ϫ/Ϫ ) (29) mice on a C57BL/6 background were obtained from the Animal Services Division of the John Curtin School of Medical Research and the Australian Phenomics Facility (Canberra, Australia). All experiments were carried out under protocols approved by the Institutional Animal Ethics and Experimentation Committee and in accordance with the guidelines of the Australian code of practice for the care and use of animals for scientific purposes.
Cell lines and cell cultures. BSC-1, an epithelial kidney cell line from African green monkeys, and the murine cell lines L929 (H-2
, and YAC-1 were obtained from the American Type Culture Collection (Rockville, MD). DC2.4 (H-2 b ) cells (39) were a gift from David Tscharke. All cells were maintained in Eagle's minimum essential medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, 120 g/ml penicillin, and 200 g/ml streptomycin and neomycin sulfate.
Viruses and infection. Wild-type ECTV Moscow strain (10), designated ECTV-WT, and a vIFN-␥bp deletion mutant virus, designated ECTV-IFN-␥bp ⌬ , were used. ECTV-IFN-␥bp ⌬ was generated using a general strategy for constructing mutant poxviruses in which the IFN-␥bp gene was replaced with ␤-gal, and knockout virus was selected using Escherichia coli gpt with mycophenolic acid selection and blue-white screening (14, 15) . A revertant virus, ECTV-IFN␥bp ⌬R , was generated using the same transient-dominant selection method used to generate the knockout virus. The vIFN-␥bp gene was reinserted in place of the ␤-gal selection marker, and the revertant virus was selected using E. coli gpt and mycophenolic acid selection, together with a blue-white screen. The genotypes of both genetically modified viruses were confirmed by DNA sequencing. All ECTV strains were propagated in BSC-1 cells, and titers were determined by viral plaque assay (24) . Mice were inoculated subcutaneously in the left hind footpad under anesthesia at the virus doses indicated. At various times postinfection (p.i.), organs were removed aseptically and processed for determination of virus titers by viral plaque assay.
Synthetic peptides. Peptides synthesized, as described previously (45) , at the John Curtin School of Medical Research Biomolecular Resources Facility (Australian National University, Canberra, Australia) were resuspended at 5 M in dimethyl sulfoxide and diluted in culture medium to the required concentrations. The amino acid sequences for the peptides of interest are as follows: B8R [20] [21] [22] [23] [24] [25] [26] [27] , TSYKFESV; A19L [47] [48] [49] [50] [51] [52] [53] [54] [55] (32, 45) . A range of peptide concentrations (0.01, 0.1, and 1 g/ml) were tested in CTL and intracellular cytokine staining assays to determine the optimal immunogenic concentrations. Based on this, the B8R 20-27 , A19L [47] [48] [49] [50] [51] [52] [53] [54] [55] , A47L [138] [139] [140] [141] [142] [143] [144] [145] [146] , and A42R 88-96 peptides were used at 10 nM and the other six peptides were used at 100 nM. A herpes simplex virus type 1 (HSV-1) glycoprotein B-derived peptide, HSV-1gB 498-505 (SSIEFARL), was used as an irrelevant control at a concentration of 10 nM.
CTL and NK cell activity assays. CTL and NK cell cytolytic assays were performed as described elsewhere (7) . To measure ex vivo CTL responses, spleen cells from infected animals were assessed for the ability to kill 51 Crlabeled virus-infected, peptide-pulsed, or uninfected syngeneic targets. YAC-1 target cells were used for NK cell lytic assays. MC57G, DC2.4, or P815 cells were used as targets to detect major histocompatibility complex class I (MHC-I)-restricted killing by splenic effector cells.
Intracellular cytokine staining for IFN-␥. Antigen-specific IFN-␥-producing CD8 T cells were enumerated using intracellular cytokine staining as described elsewhere (45) . Briefly, 10 6 splenocytes were incubated with 2 ϫ 10 5 uninfected, virus-infected, or peptide-pulsed DC2.4 cells or with synthetic peptides. After 2 h, 10 g/ml brefeldin A was added, and the cells were incubated for a further 3 h before being stained with anti-CD8␣-allophycocyanin (clone 53-6.7; BD Biosciences) and anti-IFN-␥-phycoerythrin (clone XMG1.2; BD Biosciences) as previously described. Total events for cells were acquired using a FACSort flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star Inc.). Antigen-specific IFN-␥ production was calculated by subtracting the background values obtained with the irrelevant HSV-1 gB peptide.
Anti-ECTV antibody determination. Serum samples were assayed by enzymelinked immunosorbent assay (ELISA) for ECTV-specific immunoglobulin G (IgG) using purified ECTV as described previously (7) . Sera were assayed at 1:200 dilution, based on a test range of 1:50 to 1:1,000.
IFN-␥ ELISA. Spleen cells from infected animals were cocultured with either ECTV-infected P815 cells or ECTV-infected splenocytes of the appropriate MHC-I haplotype for 6, 24, or 48 h. The culture supernatants were harvested, and IFN-␥ levels were determined by capture ELISA as described previously (7).
Statistical analysis. Statistical analyses of experimental data, employing parametric and nonparametric tests as indicated, were performed using GraphPad Prism (GraphPad Software, San Diego, CA).
RESULTS

vIFN-␥bp is not required for viral replication in vitro.
We investigated whether inactivation of the ECTV-ORF158 gene, encoding the viral IFN-␥bp, affects virus replication in cell cultures. Monolayers of BSC-1 and L929 cells were infected at 0.1 PFU per cell with ECTV-WT or ECTV-IFN-␥bp ⌬ . At selected times p.i., cells were harvested and virus yields were determined. Figure 1 shows that there was no difference between the capacities of wild-type and mutant viruses to replicate in either monkey BSC-1 cells or murine L929 cells. These results indicate that vIFN-␥bp is not required for replication in vitro. 
ECTV-IFN-␥bp
⌬ replicates to lower titers in resistant C57BL/6 mice. To determine whether vIFN-␥bp affected the ability of ECTV to replicate within a host, C57BL/6 mice were infected with either ECTV-WT or ECTV-IFN-␥bp ⌬ . The kinetics of virus replication in organs, including the footpad, popliteal lymph node, spleen, and liver, were determined at days 1, 3, 5, 7, 9, 14, and 21 p.i. We found that ECTV-IFN␥bp ⌬ replicated to significantly lower titers than ECTV-WT in the footpad on most days tested ( Fig. 2A) . Titers in the liver were significantly lower in the ECTV-IFN-␥bp ⌬ group than in mice infected with ECTV-WT throughout the course of infection (Fig. 2B) . Similar results were obtained in lymph nodes and spleen (data not shown). However, the animals were able to control both strains of virus effectively and to recover from infection. It is interesting that absence of vIFN-␥bp resulted in lower viral titers at the site of infection even by day 1 p.i. (Fig.  2A ), indicating that this viral protein acts early in infection.
C57BL/6 mice deficient in IFN-␥, C57BL/6.IFN-␥ Ϫ/Ϫ (11), are highly susceptible to ECTV infection (7) . To ascertain that the difference in replication between the mutant and wild-type viruses was a function of the specific interaction between vIFN␥bp and host IFN-␥, we investigated virus replication in infected C57BL/6.IFN-␥ Ϫ/Ϫ mice. Figure 2C shows that infection with either ECTV-WT or ECTV-IFN-␥bp ⌬ resulted in similar viral titers in the primary site of infection (footpad). In addition, the titers of the two viruses were comparable at day 7 p.i. in all other organs tested (data not shown). Furthermore, C57BL/6.IFN-␥ Ϫ/Ϫ mice were as susceptible to infection with mutant virus as they were to ECTV-WT virus (Fig. 2D ). Therefore, in the absence of host IFN-␥, vIFN-␥bp does not affect virus replication, viral load, or susceptibility to infection, indicating that vIFN-␥bp functions specifically through IFN-␥.
CD8 T-cell response in ECTV-IFN-␥bp
⌬ -infected C57BL/6 mice. CD8 T-cell determinants for VACV and ECTV, restricted by H-2 b MHC class I molecules, have been recently identified (32, 45) . Interestingly, the major determinant maps to VACV B8R and the corresponding ECTV ORF158. It was therefore of interest to determine whether deletion of ECTV ORF158 (vIFN-␥bp) affected the CD8 T-cell response in C57BL/6 mice and whether loss of the specific immunodominant determinant is associated with compensation by other, subdominant determinants.
C57BL/6 mice were infected with ECTV-WT or ECTV-IFN-␥bp ⌬ , and splenic CD8 T-cell cytolytic activity was measured ex vivo at day 8 p.i. using ECTV-infected or B8R [20] [21] [22] [23] [24] [25] [26] [27] peptide-pulsed target cells. Similar results were obtained using targets infected with either ECTV-WT or ECTV-IFN-␥bp ⌬ ; therefore, only data using ECTV-WT-infected target cells are shown. Figure 3A shows that in the absence of vIFN-␥bp, CTL activity against ECTV-infected target cells was reduced by about threefold. Nevertheless, mice infected with ECTV-IFN␥bp ⌬ were able to control virus ( Fig. 2A and B) and recovered from infection. The absence of vIFN-␥bp in ECTV-IFN-␥bp ⌬ -infected mice completely abolished the CTL response to B8R [20] [21] [22] [23] [24] [25] [26] [27] peptidepulsed target cells, consistent with the fact that it is a known CD8 T-cell determinant (Fig. 3B) [20] [21] [22] [23] [24] [25] [26] [27] peptide-pulsed targets as efficiently as effector cells from ECTV-WT-infected mice (Fig. 3B) .
To investigate whether loss of the B8R determinant in ECTV-IFN-␥bp ⌬ resulted in compensation by other determinants used by the host (32, 45) , we studied the CD8 T-cell response to whole virus and nine other peptides by intracellular cytokine staining. Splenocytes from uninfected mice did not produce IFN-␥, whereas 20% of CD8 T cells from ECTV-WTinfected spleens responded to whole virus by producing IFN-␥ (Fig. 3C) . Interestingly, almost 16% of CD8 T cells from ECTV-IFN-␥bp ⌬ -infected mice produced IFN-␥ in response to whole virus. This reduction in IFN-␥ response by CD8 T cells is consistent with a corresponding reduction in CTL activity (Fig. 3A) mediated by splenocytes from ECTV-IFN␥bp ⌬ -infected mice compared to those from the ECTV-WTinfected group.
The response to B8R 20-27 peptide alone accounted for 4.1% of IFN-␥-positive CD8 T cells from ECTV-WT-infected mice, and this was about 20% of the total response to whole virus (Fig. 3D) . As expected, the response to B8R [20] [21] [22] [23] [24] [25] [26] [27] peptide was diminished in ECTV-IFN-␥bp ⌬ -infected animals. We then measured the response to the next 9 most significant, but subdominant, determinants, A19L [47] [48] [49] [50] [51] [52] [53] [54] [55] (32, 45) . Individually, these determinants accounted for 2.6%, 3.3%, 1.1%, 9.6%, 8.2%, 5.0%, 7.3%, 4.2%, and 4.4% of the IFN-␥-producing CD8 T cells from ECTV-WT-infected spleens, respectively, (Fig. 3D) . The response in splenic CD8 T cells from mutant virus-infected animals was roughly similar, and of the determinants tested, no single determinant compensated in any significant way for the loss of B8R [20] [21] [22] [23] [24] [25] [26] [27] . However, when all 10 peptides were used together, the difference between the responses in ECTV-WT (6.3 Ϯ 0.6%)-and ECTV-IFN-␥bp ⌬ (4.5 Ϯ 0.4%)-infected animals was less pronounced and consistent with the somewhat lower response to whole virus (Fig.  3C) .
ECTV-IFN-␥bp ⌬ is attenuated in susceptible mouse strains. Having observed a small but significant attenuation of virus replication in the absence of vIFN-␥bp in resistant C57BL/6 mice, which was dependent on host IFN-␥, we hypothesized that loss of vIFN-␥bp may result in a more pronounced phenotype in a susceptible mouse strain. To assess this view, we used mouse strains known to be susceptible (A/J and BALB/c) and those that show intermediate resistance (CBA/H) to mousepox. Based on the degree of susceptibility to ECTV-WT and the 50% lethal dose for each strain (3), groups of mice were infected with various doses of ECTV-WT or ECTV-IFN␥bp ⌬ and were monitored for 21 days p.i. for signs of disease and weight loss. Data are shown for only selected doses of virus.
All BALB/c mice (n ϭ 15) infected with ECTV-WT succumbed to disease between 8 and 13 days p.i., and this was coincident with a loss in body weight (Fig. 4A and B) . In contrast, more than 90% of the animals infected with ECTV-IFN-␥bp ⌬ recovered from infection and survived (log rank test; P Ͻ 0.0001). The crucial period was between days 8 and 14 p.i, when overt clinical signs of mousepox were observed and there was a reduction in body weight. Nevertheless, all animals recovered after this period. To verify that the absence of vIFN␥bp was responsible for the significant attenuation of ECTV in BALB/c mice, we tested the revertant virus. Figure 4A also shows that 100% of BALB/c mice infected with the revertant ECTV succumbed to infection at about the same time as the ECTV-WT-infected animals. The ECTV-IFN-␥bp ⌬R strain maintained the ECTV-WT phenotype.
A/J mice, known to be even more susceptible to mousepox, and CBA/H mice, which exhibit greater resistance to mousepox than BALB/c animals were inoculated with either ECTV-WT or ECTV-IFN-␥bp ⌬ . Figure 4C and D shows data for A/J mice infected with 100 PFU and CBA/H mice infected with 5,000 PFU of virus, respectively. At these doses, all mice infected with ECTV-WT succumbed to mousepox. Although A/J mice infected with ECTV-IFN-␥bp ⌬ were also susceptible, the mean time to death was significantly longer (log rank test; P ϭ 0.0080) in the absence of vIFN-␥bp. All CBA/H mice infected with ECTV-WT succumbed to the infection, whereas more than 50% of this strain infected with ECTV-IFN-␥bp ⌬ survived, and those that succumbed had a significantly longer mean time to death (log rank test; P ϭ 0.0464).
Host IFN-␥ production correlates with resistance to mousepox. Since IFN-␥ is critical for recovery from mousepox and susceptibility to severe mousepox is correlated with deficiency in IFN-␥ production (7, 25, 34) , we hypothesized that the outcomes of infection in the four strains of mice used in this 
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on November 12, 2017 by guest http://jvi.asm.org/ study were due to differences in production of the cytokine. To test this hypothesis, we measured IFN-␥ production by splenocytes from ECTV-infected mice. Splenocytes from A/J, BALB/c, CBA/H, and C57BL/6 mice infected with ECTV-WT were isolated at day 5 p.i. and stimulated in vitro for either 24 or 48 h with syngeneic ECTV-WT-infected splenocytes. Clearly, the amount of IFN-␥ produced by splenocytes from each mouse strain correlated with the level of resistance of that strain to mousepox (Fig. 5) .
Host response to ECTV-IFN-␥bp
⌬ infection in BALB/c mice. Having established that deletion of ECTV-IFN-␥bp allowed a normally susceptible strain of mouse to recover from infection, we further investigated how BALB/c mice were able to effectively control infection with ECTV-IFN-␥bp ⌬ but not ECTV-WT (Fig. 4A ). We and others have previously shown that recovery from ECTV infection depends on the combined activities of IFN, NK, CTL, and antibody responses (6, 7, 12, 17, 24-26, 34, 35) and hypothesized that recovery of BALB/c mice from ECTV lacking vIFN-␥bp was due to an enhanced immune response that restricted virus replication.
BALB/c mice were infected with either ECTV-WT or ECTV-IFN-␥bp ⌬ , and virus titers were determined on various days p.i. Figure 6A shows that viral titers in the livers of ECTV-IFN-␥bp ⌬ -infected mice were almost 2.5 log 10 PFU lower than those from ECTV-WT-infected mice until day 8 p.i., after which the ECTV-WT-infected animals succumbed to infection. It is known that mice that succumb to mousepox have uncontrolled virus growth and die as a result of necrosis of the liver and spleen (5, 13, 18) . Recovery of BALB/c mice infected with ECTV-IFN-␥bp ⌬ , therefore, correlated with the ability of the host to better control viral replication early in infection.
Since BALB/c mice are relatively poor producers of IFN-␥ in response to infection with ECTV-WT (Fig. 5) (7) , we investigated whether infection of this mouse strain with ECTV lacking vIFN-␥bp influenced the levels of the cytokine produced. Splenocytes from either ECTV-WT-or ECTV-IFN-␥bp ⌬ -infected BALB/c mice were isolated at the times indicated (Fig.  6B ) and stimulated in vitro with ECTV-WT-infected P815 cells for 6 h. As expected, splenocytes from ECTV-WT-infected mice did not mount a good IFN-␥ response (Fig. 6B) , whereas those infected with ECTV-IFN-␥bp ⌬ generated significantly larger (P Ͻ 0.031) amounts of IFN-␥.
Next, we performed ex vivo 51 Cr release NK cell and antiviral CTL assays using splenocytes from infected mice. Although no difference was observed in the splenic NK cell cytolytic activity between the groups at day 5 ( Fig. 6C) , by day 7 p.i. it was at least 27-fold higher in ECTV-IFN-␥bp ⌬ -infected mice than in the ECTV-WT-infected groups (Fig. 6D) . IFN-␥ levels in these 5-h cultures were significantly higher in supernatants from cells isolated from ECTV-IFN-␥bp ⌬ -infected mice than in those from ECTV-WT-infected groups on days 5 (5.6 Ϯ 0.3 U/ml and 2.9 Ϯ 0.5 U/ml, respectively; P Ͻ 0.01 by two-way analysis of variance) and 7 (10.1 Ϯ 0.2 U/ml and 4.1 Ϯ were used to determine antiviral CTL activity using virus-infected and uninfected P815 target cells. The data shown are from one representative of four separate animal experiments and are the means Ϯ SEM for six mice per group. (F) Groups of mice were bled at the times indicated, and the sera were used for measurement of ECTV-specific IgG levels. The data shown are from one representative of two separate animal experiments and are the means plus SEM for six mice per group. 0.6 U/ml, respectively; P Ͻ 0.001) p.i. Significantly, ECTV-IFN-␥bp ⌬ -infected mice generated a robust CTL response that was also at least 27-fold higher than the response to wild-type virus at day 7 p.i. (Fig. 6E ). Mice infected with ECTV-WT mounted a poor CTL response, and this correlated with their susceptibility to infection and death by day 8 p.i.
A further immune parameter critical for recovery from ECTV infection is the generation of an antibody response (6, 17) . Although BALB/c mice infected with ECTV-WT succumbed to infection before the host mounted a significant anti-ECTV IgG response, mice infected with the mutant virus generated a strong virus-specific IgG response that increased with time (Fig. 6F) , concomitant with complete virus clearance by day 30 p.i. (Fig. 6A) .
Therefore, increased IFN-␥ production in the absence of vIFN-␥bp allowed BALB/c mice to generate strong NK cell, CTL, and antibody responses that allowed virus clearance in an otherwise susceptible host. This conclusion is further supported by experiments using C57BL/6.Rag-1 Ϫ/Ϫ mice (29), which are defective in both T-and B-cell responses. In these animals, there was no difference in viral growth between ECTV-IFN-␥bp ⌬ and ECTV-WT (Fig. 7) , indicating that even in vivo, there is no intrinsic difference in the abilities of these viruses to replicate. Figure 7 shows data for virus titers in the spleen and liver, with similar findings for other organs tested (data not shown). Thus, vIFN-␥bp functions to dampen the host response, tipping the balance in favor of the virus.
DISCUSSION
There is increased interest in understanding protective immunity to smallpox. Although mortality rates associated with smallpox were as high as 40%, a significant subset of those infected recovered. The basis of susceptibility or resistance is still being elucidated. It is becoming increasingly clear that the outcome of infection, recovery or death, is clearly dictated by several factors, including host and viral genes, both of which influence the immune response. Using a model in which a poxvirus infection can be studied in its natural host, we show that vIFN-␥bp plays a critical role in pathogenesis and dampening of the immune response.
The importance of IFN-␥ in the host response to poxvirus infections is well established (7, 22, 23, 25, 30, 34, 35) . To counter this, orthopoxviruses, such as VARV, VACV, and ECTV, encode a molecule that mimics the host IFN-␥ receptor. A number of studies have used VACV B8R deletion mutants to study the function of this protein in vivo, but with conflicting results (41, 43, 46) . These discrepancies reflect the incompatibilities between the virus and host systems employed, for example, VACV vIFN-␥bp binds with high affinity to rabbit, but not mouse, IFN-␥ (31). In contrast, inactivation of the vIFN-␥bp encoded by a leporipoxvirus, myxoma virus, resulted in diminished virulence in its natural host (30) . The mechanism of action of the vIFN-␥bp in this system, however, is confounded by the ability of the viral protein to also bind a number of chemokines (27) . Since mouse models are the most versatile in which the roles of individual components of innate and adaptive immunity can be investigated, ECTV infection of mice provides an ideal system to elucidate the biological role of vIFN-␥bp.
Using an ECTV deletion mutant, we have shown that absence of vIFN-␥bp does not affect virus growth in vitro ( Fig. 1 ) and that this viral protein is not required for replication per se. In contrast, it had a profound influence on replication, immune response, and disease outcome in vivo, which was dependent on host IFN-␥. In gene-targeted mice lacking IFN-␥, the presence or absence of ECTV vIFN-␥bp did not affect the viral load in infected animals (Fig. 2C) or their susceptibility to infection (Fig. 2D ). This finding indicates that ECTV vIFN␥bp must act through specific interactions with host IFN-␥. This is a significant finding, because many poxviruses encode immunomodulators that bind to multiple host proteins in vitro (37) . The combination of natural pathogen and host plus the ability to specifically knock out both viral and host genes puts the ECTV model in an ideal position to study the biological function of viral immunomodulators in vivo.
To investigate the role of vIFN-␥bp in the complex interplay between the host and virus, we studied a range of mouse strains with known differences in susceptibility to mousepox (3, 47) . Our data show that although the magnitude of the effect, and the resultant outcome of infection, varied depending on the level of genetic susceptibility to mousepox, absence of vIFN␥bp resulted in an attenuation of virus in each strain studied ( Fig. 2 and 4) . The most pronounced effects were observed in susceptible BALB/c mice, where the absence of this single viral protein caused a normally lethal ECTV infection to be effectively cleared, with complete recovery of the host (Fig. 4) . Even in highly resistant C57BL/6 mice, there was decreased viral load in organs from animals infected with mutant virus deficient in vIFN-␥bp compared to those infected with the wild type ( Fig. 2A and B) . Interestingly, although all C57BL/6 mice eventually recovered from infection, the animals infected with ECTV-IFN-␥bp ⌬ exhibited milder clinical symptoms of disease (data not shown).
It is significant that the abilities of different inbred mouse strains to produce IFN-␥ correlate with their levels of resistance to mousepox (Fig. 5) (7) . High producers of this cytokine, such as C57BL/6 mice, are highly resistant to mousepox and effectively controlled infection irrespective of whether vIFN-␥bp was present or absent. For low producers of IFN-␥, such as BALB/c mice, the capacity of the virus to further reduce the availability of this cytokine via vIFN-␥bp had a Figure 6B shows that at the peak of the IFN-␥ response, BALB/c mice infected with ECTV-IFN-␥bp ⌬ produced significantly greater amounts of this cytokine than those infected with the wild-type virus. This correlated with reduced viral loads (Fig. 6A) ; correspondingly milder pathology in organs, especially the liver (data not shown); and recovery from infection (Fig. 4A) .
BALB/c mice normally generate poor IFN-␥, NK cell, and antiviral CTL responses to ECTV infection (7) . However, in the absence of vIFN-␥bp and a concomitant increase in host IFN-␥, the mice were able to mount a sustained NK cell response (Fig. 6D) and a potent antiviral CTL response (Fig.  6E ). In addition, since these animals survived beyond day 8 p.i., they were also able to generate a good anti-ECTV IgG antibody response (Fig. 6F) . Thus, the absence of vIFN-␥bp tipped the balance in favor of the host, which allowed it to mount an effective immune response to overcome an infection that was otherwise lethal.
The ability of the mutant virus to replicate was not impaired either in vitro (Fig. 1 ) or in vivo ( Fig. 2C and 7) . ECTV-WT and ECTV-IFN-␥bp ⌬ replicated to equivalent titers in the absence of an appropriate immune response, that is, in mice lacking IFN-␥ (Fig. 2C ) and in mice deficient in T-and B-cell responses (Fig. 7) . The vIFN-␥bp encoded by the wild-type virus clearly functions to dampen the immune response; therefore, removing it allowed the response to be enhanced and virus to be controlled in immunocompetent animals.
The capacity of vIFN-␥bp to interfere with the host's ability to control virus was evident as early as day 1 p.i. (Fig. 2A) and was dependent on host IFN-␥ (Fig. 2C) . The cellular source of this early production is likely to be ␥␦ T cells, which are activated rapidly after ECTV infection (25) . As the infection and the host response to the virus progress, NK cells and T cells become significant producers of this cytokine. In the absence of vIFN-␥bp, the IFN-␥ responses of both NK cells and CD8 T cells are enhanced. Indeed, it is well established that IFN-␥ can upregulate its own production (4, 20) , and therefore, an early advantage afforded to the host results in a snowballing effect in terms of being able to generate a robust immune response and to clear virus.
Although the importance of IFN-␥ as part of a T helper type 1 and cell-mediated immune response to virus infection is well established, the molecular mechanisms by which it enhances either the numbers or the effector function of antiviral CTLs is not known. IFN-␥ is known to augment adaptive immunity through increased antigen processing and presentation by (i) upregulation of MHC-I and MHC-II on antigen presenting cells (4) and (ii) induction of immunoproteosome formation (42) . Some studies have also suggested that the maturation of CTLs is impaired in the absence of IFN-␥ (36). The contribution of IFN-␥ to the class of antibody produced is well established (4). Therefore, the influence of vIFN-␥bp on several facets of the immune response is consistent with the multiple functions of IFN-␥ in the host response to infection.
Intriguingly, an immunodominant CD8 T-cell determinant restricted by MHC class I K b maps to vIFN-␥bp in ECTV (45) . Deletion of the vIFN-␥bp gene, therefore, had significant effects on the antiviral CTL response in mice of the H-2 b haplotype (Fig. 3A) . However, despite the threefold reduction in the total CTL response in C57BL/6 mice infected with ECTV-
IFN-␥bp
⌬ , the animals effectively cleared virus and recovered from infection. The reduction in the CTL response did not correspond to an equivalent decrease in the number of IFN-␥-producing CD8 T cells responding to virus (Fig. 3C) . In this specific case, vIFN-␥bp also contains a major CD8 T-cell determinant. Thus, as expected, removal of a major CD8 T-cell determinant resulted in significant loss of cytolytic activity; however, the concomitant removal of IFN-␥bp released the viral inhibition of the IFN-␥ response. The net IFN-␥ response in ECTV-IFN-␥bp ⌬ -infected mice is therefore the sum of these two opposing influences, resulting in only a minimal decrease compared to ECTV-WT-infected animals. To gain a better understanding of how IFN-␥ production and lytic activity are regulated in CD8 T cells, it should be possible to introduce mutations in ECTV vIFN-␥bp that preserve the CD8 T-cell determinant but obliterate IFN-␥ binding capacity. This approach is currently being pursued.
Little is known about the VARV-encoded immunomodulatory molecules, as there is no appropriate model for this virus. Our understanding of the functions of specific homologous molecules must therefore come from appropriate animal models, such as ECTV infection of mice. Given the similarities between smallpox and mousepox, the known functions of IFN-␥ in both mice and humans, and a 91% sequence homology between the VARV and ECTV vIFN-␥bp, we predict that the VARV orthologue functions in humans in a way analogous to that of ECTV vIFN-␥bp in mice.
Our data clearly indicate that the deletion of vIFN-␥bp results in an augmented immune response to virus. This has significant implications for the design of safer, new-generation vaccines for smallpox and for poxvirus-based vaccine vectors. There are significant concerns with the current smallpox vaccine, particularly for immunocompromised individuals. Some of the safety concerns can be addressed by the use of highly attenuated replication-deficient strains of VACV, for example, modified VACV Ankara. In this context, it is of interest that, in addition to other deficiencies, modified VACV Ankara encodes a truncated vIFN-␥bp that is not functional (2) . We have shown here that deletion of just one poxviral protein, vIFN␥bp, augmented the host's ability to mount a potent antiviral response. Through systematic analysis, it should be possible to determine the optimal combination of viral immunomodulatory genes that can be deleted to allow the generation of potent and long-lasting cell-mediated and antibody immune responses.
Further, immunomodulators that dampen functions of inflammatory cytokines are already being successfully utilized in the treatment of inflammatory conditions. An example, in clinical use for a range of diseases, is the tumor necrosis factor receptor Fc fusion protein ENBREL (etanercept) (44) . In addition, there is emerging realization of the great therapeutic potential of immunomodulators, which viruses have evolved to regulate the immune response (16) . In this regard, the myxoma virus-encoded serine protease inhibitor, Serp-1, is currently in phase II clinical trial for treatment of acute coronary syndrome (Viron Therapeutics Inc.). An understanding of the biological function of vIFN-␥bp therefore has important implications for treatment of conditions in which IFN-␥ is dysregulated.
